Abstract: Porbeagle sharks (Lamna nasus) are large pelagic sharks apparently restricted to the cold temperate waters of the northern and southern hemispheres. Despite considerable knowledge of their biology, their pupping (birthing) grounds have never been identified. Pop-up archival transmission tags applied to 21 sharks off eastern Canada indicated that males and immature sharks of both sexes remained primarily on the continental shelf for periods of up to 348 days after tagging. However, mature female porbeagles migrated up to 2356 km through the winter, at depths down to 1360 m beneath the Gulf Stream, to a subtropical pupping ground in the Sargasso Sea. In addition to this pupping ground being well south of their documented range, the placement of such a key life history stage in international, largely unregulated waters poses problems for the conservation and management of a species that is largely fished in Canadian waters.
Introduction
Porbeagle sharks (Lamna nasus) are large pelagic sharks apparently restricted to the cold temperate waters of the northern and southern hemispheres (Francis et al. 2008 ). The population abundance in the Northwest Atlantic is at a stable but depleted level and is largely confined to the continental shelf of eastern Canada and the northeastern US . Experimental pelagic longline fishing in the 1960s, during a period when the population abundance was high, demonstrated that the species range extended as far south as latitude 378N, but that most of the population was concentrated in Canadian waters north of latitude 418N (Cassoff et al. 2007 ). All life history stages, from young-of-the-year to sexually mature adults, are most abundant on or near the continental shelf, despite the presence of some individuals in international waters to the east (Campana et al. 2010) . Summer-fall mating grounds have been documented on the continental shelf south of Newfoundland and on Georges Bank (Campana et al. 2010) . However, the pupping (birthing) grounds have never been identified. Here we report a seasonal 2000 km migration of mature female porbeagles from eastern Canada, at depths down to 1360 m beneath the Gulf Stream, to a pupping ground in the Sargasso Sea, well south of their previously known distribution.
Materials and methods
Porbeagle sharks were captured with pelagic longlines onboard commercial shark fishing vessels and then tagged with pop-up archival transmission tags (PATs) (2001 2005 -2008 , model 4 (2005 and model Mk-10 (2006 Mk-10 ( -2008 , Wildlife Computers, Redmond, Washington). Tagged sharks were on deck for 5-10 min for tagging and measurement and showed no obvious stress above and beyond that of capture. PATs were attached to porbeagles by darting a nylon umbrella tip about 8 cm into the dorsal musculature of the shark just lateral to the posterior end of the first dorsal fin. The angle of dart insertion was such that the tip engaged the pterygiophores immediately underneath the dorsal fin, thus reducing the possibility of premature release. The umbrella tip was attached to the PAT with a monofilament leader of 400-pound test, sheathed to reduce trauma to the shark near the point of insertion. Each PAT was also fit- ted with an emergency cutoff device, which physically released the tag if it went below 1800 m (which is the maximum nominal safe depth for tag operation). PAT tags were programmed to record depth (±0.5 m), temperature (±0.1 8C), and light intensity at 1 min (model 4) or 10 s (model Mk-10) intervals for up to 12 months after release. The tag data were internally binned by 6 h intervals, and the summarized data were transmitted to an Argos satellite after release of the PAT from the shark. One tag was physically recovered after pop-up, allowing a full download of all stored data. More than 92% of the tags transmitted successfully after release from the shark. Tags that popped up less than two weeks after tagging were excluded from subsequent analysis. All PATs were programmed to release from the shark if a constant depth was maintained for a period of four days, as a constant depth equal to that of the water depth at that location would be indicative of death in an actively swimming, pelagic shark such as a porbeagle. One shark appears to have died shortly after tagging.
Shark location at the time of pop-up was determined with an accuracy of <1 km through Doppler-shift calculations provided by the Argos Data Collection and Location Service. The reconstruction of the migration pathway between the time of tagging and pop-up was based on sea surface temperature and ambient light at depth measurements recorded by the PAT, analyzed with the state-space model ''ukfsst'' described by Nielsen and Sibert (2007) . The requirement for PAT temperature measurements near the surface limited the availability of geolocation estimates during periods when the shark was deep in the water column, e.g., the majority of the time in the Gulf Stream and Sargasso Sea.
Results and discussion
Transmissions were received from 21 PATs applied in the summer to porbeagles off the eastern coast of Canada between 2001 and 2008 (Table 1) . Males and immature sharks of both sexes remained primarily in cool temperate waters on the continental shelf, always north of latitude 388N, for periods of up to 348 days after tagging. In contrast, all mature female porbeagles exited the continental shelf by December, swimming distances of up to 2356 km into the Sargasso Sea (south of latitude 358N) before the PAT released from the shark (Fig. 1a) . All seven of the mature females with PATs programmed for a spring release encountered the Gulf Stream between 22 December and 9 March (Fig. 2) ; the date and location of entry into the Gulf Stream was readily distinguished on the PAT record by the abrupt temperature discontinuity and the almost instantaneous initiation of deep diving behaviour (daily maximum depth of <248 m before entry and a mean of 845 m after entry) (Fig. 1b) . Entry into the Gulf Stream was also accompanied by a shift from a weakly diurnal diving behaviour (75 m and 10.5 8C during night to 129 m and 9.5 8C during day) to a strongly diurnal vertical movement (243 m and 18.3 8C during night to 614 m and 13.1 8C during day). Both the current flow and the temperature of the Gulf Stream is greatly minimized at depths greater than 400 m (Johns et al. 1995) , suggesting that the porbeagles are diving underneath the main flow of the Gulf Stream during their migration, both to maximize their net swimming speed and to minimize their ambient temperature. Although all lamnid sharks are capable of thermoregulation (Carey and Teal 1969) , no porbeagles were recorded in waters with a 6 h mean temperature greater than 21.9 8C, suggesting that the warm surface waters (22-29 8C) of the Gulf Stream and Sargasso Sea were uninhabitable for the overwintering females. Porbeagles have not previously been reported south of latitude 378N (Cassoff et al. 2007 ), presumably because their time-weighted mean migratory depth of 489 m is too deep for detection by fishing fleets or other observers. One shark dove to 1360 m during its migration, which is among the deepest dives recorded for a pelagic shark species.
The Sargasso Sea is well known for being the spawning area for European and American eels but has not previously been suggested as a pupping ground for any species of shark. Porbeagle pupping was strongly inferred based on the observation that the southward migration was only made by sexually mature females (mean fork length (FL) of 230 ± 12 cm compared with mature FL 50 of 218 cm; Jensen et al. 2002) and that every mature female monitored into the spring made the migration. Previous work has demonstrated that every mature female (87 of 88 examined) is gravid after November . In addition, the residency period in the Sargasso Sea overlapped the known pupping period of early April to early June . Given the strong likelihood of porbeagle pupping in the Sargasso Sea, the possibility that other pelagic sharks also give birth in this region of the Atlantic cannot be dismissed lightly.
Although pupping has never been observed in a lamnid shark, and thus the pupping environment is unknown, no obvious birthing events were visible in the PAT records; each shark undertook multiple ascents and descents between about 50 and 850 m in waters between about 8 and 23 8C (maximum recorded temperature of 25.4 8C) during the April-May period. Mean daily depth and temperature during April and May was 480 m and 14.8 8C, respectively, indicating that most of the pupping period was spent at depth. Porbeagle young-of-the-year are first captured off the eastern coast of Canada in July , suggesting that the Gulf Stream aids in the return transport of the young sharks much as it does squid and other North Atlantic organisms (Dawe and Beck 1985) . The question of the evolutionary advantage of a 2000 km pupping migration to an unproductive region of the ocean, followed by a return migration within several months by both females and pups, remains unanswered.
Porbeagles are fished commercially, in both Canadian domestic and international waters. Although not considered a species at risk, the abundance of the Northwest Atlantic population is currently at about 25% of virgin levels and thus is under strict regulation and cautious management in Canadian waters to promote recovery (Campana et al. 2010) . Porbeagle mating grounds have been closed to shark fishing to aid in conservation efforts. Although the International Commission for the Conservation of Atlantic Tunas (ICCAT) supports Canadian conservation efforts and has recommended that there be no directed porbeagle fishery in international waters, high seas catches of porbeagles have been reported by numerous countries (Campana et al. 2010) . The Sargasso Sea is currently not considered by ICCAT to be a key area for porbeagle, and it is also not considered to be essential fish habitat by the US (NOAA Office of Sustainable Fisheries, http://www.nmfs.noaa.gov/sfa/ hms/EFH/index.htm). The discovery of a key life history stage in relatively unprotected international waters raises the possibility that stock recovery efforts in Canada and elsewhere could be compromised.
